A simple and highly selective colorimetric sensor for Cu 2+ is fabricated in this work based on the Cu 2+ -induced self-aggregation of gold nanoparticles (GNPs). In this new design, GNPs are first functionalized with cysteamine molecules on their surface through the well-known strong Au-S interaction. Then salicylaldehyde is introduced to link with the cysteamine through a simple Schiff's base reaction. Since the Schiff's bases formed on the GNPs surface may serve as efficient and selective complexing reagents for Cu 2+ , Cu 2+ can specifically react with the Schiff's base complexes and thus result in the self-assembly of GNPs accompanied with color changes. Therefore, a facile and low-cost colorimetric sensor for visual detection of Cu 2+ was developed without requirement of any instrument.
Introduction
Copper is a transition metal which plays important roles in either environmental or biological systems. It is well known that copper is an essential trace element for humans and other animals. However, Cu 2+ will become highly toxic to humans at high concentrations (Barranguet et al., 2003) . For example, some cases of liver damage of children have been proved to be associated with the excessive intake of copper ions (Zietz et al., 2003) . Furthermore, high concentrations of copper will also destroy the biological reprocessing systems in water (Zhao et al., 2009) . Therefore, the fabrication of sensitive and selective methods to monitor copper ions in either environmental samples or biological samples is of great significance.
Up to now, several methods for Cu 2+ detection have been reported, including organic fluorophore-based assays (Viguier et al., 2006; Xiang et al., 2006) , atomic absorption spectroscopy (AAS) (Gonzales et al., 2009) , inductively coupled plasma mass spectroscopy (ICP-MS) (Becker et al., 2005) , ICP-AES (atomic emission spectroscopy) (Liu et al., 2005) and some electrochemical assays (Ensafi et al., 2006; Karimi et al., 2006) . Although the sensitivities of these developed methods for Cu 2+ are generally high, most of these assays need either expensive and speciallized instruments or sophisticated assay procedures, which greatly limited their wide applications. Therefore, it is still imperative to develop simple and efficient Cu 2+ sensor especially for field work or point of care testing of Cu 2+ .
In recent years, gold nanoparticles (GNPs) are becoming increasingly attractive in the fabrication of optical sensors, devices as well as in biodiagnostics and medical therapeutics due to their excellent chemical and physical properties (Rosi et al., 2005; Lu et al., 2007) . They have strong surface plasmon resonance (SPR) absorption in the visible wavelength range with extremely high extinction coefficients. One attractive property of GNPs is that their SPR frequency will be changed dramatically when the distance between GNPs varied. Therefore, the analyte-induced aggregation of GNPs offered a facile colorimetric approach for the simple visual detection of nucleic acids (Elghanian et al., 1997; Li et al., 2004) , proteins (Zhen et al., 2012) , small molecules (Jiang et al., 2010; Wang et al., 2007) , and metal ions (Chen et al., 2009 ).
Inspired by these elegantly designed GNPs-based colorimetric saasys, we wish to report in this contribution a simple and highly specific colorimetric method for Cu 2+ detection based on the Cu
2+
-induced self-aggregation of GNPs. In this work, GNPs were first functionalized with cysteamine (CA) through Au-S bond. Then a simple Schiff's base formation reaction was carried out on the GNPs surface between the amine group of CA and aldehyde group of salicylaldehyde (SAL). The Schiff's bases formed on the GNPs surface may serve as efficient and selective complexing reagents for Cu 2+ (Karimi et al., 2006) . Therefore, the GNPs-Schiff base complexes can be applied as a facile and low-cost colorimetric sensor for visual detection of Cu 2+ without requirement of any instrument, which is particularly promissing in the applications for field work or point of care testing of Cu 2+ .
Experimental Section

Reagents
Tetrachloroauric acid (HAuCl 4 ·4H 2 O) was obtained from Sinopharm Group. Cysteamine and salicylaldehyde was purchased form Sigma-Aldrich. All other chemicals were obtained from Beijing Chemical Corp., all of which were of analytical grade and used as received without further purification.
Preparation of GNPs
GNPs were prepared by citrate reduction of HAuCl 4 according to Frens (Frens, 1973) and Grabar (Grabar et al., 1995) et al. with slight modification. All glassware were soaked in aqua regia and carefully cleaned before use. Briefly, after boiling a 100 mL of 0.01% HAuCl 4 solution, 3.5 mL of the 1.0% trisodium citrate solution was quickly added with vigorous stirring. The color of the solution changed to deep red in a few seconds and the boiling was continued for 10 min. After the solution was naturally cooled to room temperature, it was filtered through a 0.22-μm membrane filter and diluted to 100.00 mL. The average diameter of the GNPs is 16 nm.
Preparation of GNPs-CA-SAL Complexes
Typically, 100 μL of 10 -5 M CA was added into 4 mL of GNPs drop by drop with shaking. After incubation at 4 °C for 2 h, 120 μL of ethanol solution containing 10 -5 M SAL was slowly added into the GNPs with shaking to allow the formation of Schiff' bases on the GNPs surface. After standing for 4 h at 4 °C, the mixture was centrifuged at 12,000 rpm for 20 min to remove unbound CA and ALS molecules. The precipitated red oily GNPs-CA-ALS complexes were then washed twice and finally dispersed in 4 ml water.
Standard Detection Procedures for Cu 2+
Briefly, 0.36 mL of the as-prepared GNPs-CA-SAL complexes was put into a 0.5 mL Eppendorf tube. Then 40 μL of Cu 2+ solution with certain concentration was transferred in and mixed thoroughly with a vortex mixer. After incubation at room temperature for 1h, UV/Vis absorption measurements were conducted using a TU-1901 UV/Vis Spectrophotometer (Purkinje General) and the photos were taken within 5 min. This assay utilizes the GNPs assembly-induced changes in color as well as UV-Vis spectrometry. Figure 1 outlines the general principle of the sensing strategy for visual screening of Cu 2+ in this work. As shown in Figure 1 , CA was first immobilized on the GNPs surface through Au-S covalent bond. Then SAL was covalently linked with CA to form a Schiff's base. The Schiff' bases-functionalized GNPs were red in color and exhibit a characteristic absorption at 520 nm. The Schiff's base of SAL and CA was efficient complexing agent for Cu 2+ . Therefore, upon the addition of Cu 2+ , Cu 2+ will react with the Schiff' bases on the surfaces of different GNPs. As a result, GNPs would assemble with each other via Cu 2+ to form a net-work structure, which was accompanied www.ccsenet.org/ijc International Journal of Chemistry Vol. 4, No. 4; with changes in color (from red to purple and blue) and in the UV-Vis spectrum of GNPs, with the decrease of absorption at 520 nm and a new absorption at 620 nm. Consequently, the resulting color change and absorption spectral response of GNPs can then give an indicator for the presence of Cu 2+ . To evaluate the analytical performance of the proposed sensor, different concentrations of Cu 2+ were added into individual Schiff' bases-functionalized GNPs, and the color change and UV-Vis spectra were recorded. As shown in Figure 2a , upon the addition of Cu 2+ , the aggregation of GNPs occurred, resulting in the color variation from red to purple and then blue with the increase of Cu 2+ concentrations. This aggregation process can be monitored visually, thus the naked eye alone can judge the presence of Cu 2+ ions without the requirement of any instruments. One can see from Figure 2a that only when the Cu 2+ concentration was higher than 10 -5 m, the changes of color could be observed obviously. That is to say, the minimum concentration of Cu 2+ detectable by eye is approximately 10 -5 m. Although this lowest detectable concentration cannot be compared with those obtained with advanced instruments, however, it should be noted that this proposed assay is believed to be the most sensitive for the detection of Cu 2+ ions by the naked eye alone (Zhou et al., 2008) .
Results and Discussion
Design Principle of the Proposed Approach
Analytical Performance
The UV-Vis absorption spectra (Figure 2b ) further demonstrate the aggregation of GNPs and the color changes induced by the addition of Cu 2+ . The pure GNPs-CA-SAL dispersion shows an absorption peak at 520 nm. However, increasing the concentration of Cu 2+ resulted in a decrease in the absorbance at 520 nm (Abs 520 ) and a clear increase in the absorbance at 625 nm (Abs 625 ), which was ascribed to the absorbance of the aggregated GNPs. The ratio of Abs 625 to Abs 520 was found to be linear with the Cu Figure 3 , only the Cu 2+ ions could induce significant color change from red to purple and obvious UV-Vis absorption change. No distinct color changes or UV-Vis absorbance variations were observed for other metal ions. These results clearly show that the specificity of the proposed assay is extremely high for Cu 2+ detection and none of other metal ions interfered with the assay.
Conclusion
In conclusion, we have developed a simple colorimetric sensor for visual detection of Cu 2+ by using Schiff' bases-functionalized GNPs. Most attractively, this method is rapid, convenient and low-cost because no instruments are required and the presence of Cu 2+ can be easily monitored by the naked eyes. Although the sensitivity of the proposed visual detection method is not yet comparable with those methods performed on advanced instruments, this assay has been among the most sensitive ones for the detection of Cu 2+ ions by the naked eye alone. Extremely high assay specificity for Cu 2+ is another striking advantage of this proposed method since most of the frequently used metal ions do not interfere with the detection of Cu 2+ at all. We believe that this method may find wide applications in many fields such as in the environmental or biological systems where Cu 2+ monitoring is required. Without the need for advance equipments that is typically bulky and expensive, the proposed approach is extremely suitable for fabricating miniatured and portable sensor, which is extremely promissing for the applications out of the laboratory.
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